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ABSTRACT 
 
Recently there has been theoretical and experimental 
evidence for the formation of nanodomains in 
polycrystalline Cu(In,Ga)Se2 that may form complex three-
dimensional intertwined p-n networks.  This has caused 
some researchers to consider such a network as the 
operative method of current collection in Cu(In,Ga)Se2 
solar cells.  Quantitative modeling is required to test this 
assumption and evaluate the relevant physics. This paper 
uses multidimensional device simulation to explore the 
physics and solar cell performance of interdigitated p-n 
junctions for material parameters relevant to the 
postulated conditions. The physics at the nanoscale are 
often not intuitive, but the results indicate that 
interdigitated junctions can improve solar cell performance 
relative to corresponding planar-junction devices and 
achieve reasonably high solar cell efficiencies with 
semiconductor materials that have less than optimal 
electro-optical properties.   
 
INTRODUCTION 
Photovoltaic solar cells based on polycrystalline 
Cu(In,Ga)Se2 (CIGS) hold great promise as a carbon-free 
energy source.  High-efficiency cells are grown in non-
stoichiometric concentration ratios, which suggests that 
spontaneous separation between alpha and beta phases 
may play a part in achieving high efficiency. Stanbery has 
argued that the α and β phases may segregate on the 
nanometer scale to form an interpenetrating three-
dimensional network of charge-separating junctions that 
act as the operative method of current collection in CIGS 
solar cells[1].  There has been some experimental support 
of this concept.  Transmission electron microscopy studies 
on CIGS films by Yan et al  revealed strong chemical 
fluctuations at the nanometer scale and the formation of 
Cu-poor and Cu-rich nanodomains.[2] They concluded 
that the Cu-poor and Cu-rich regions may form n-type and 
p-type regions respectively so that a CIGS film is indeed 
composed of a complex nanoscale p-n junction network.  
In this study we utilize two-dimensional modeling to 
evaluate these theories through numerical analysis of 
interdigitated p-n junction thin film solar cells.  The width of 
the p and n regions is varied from 10 nm to 1 μm to 
evaluate how scale affects transport and device 
performance. 
  
DEVICE MODEL 
The schematic in Fig. 1 indicates the model structure. 
The CIGS, ZnO, and CdS layers are 3 μm, 200 nm, 50 nm 
thick respectively. The AM1.5 solar spectrum is incident  
 
Figure 1.  Schematic representation of the interdigitated 
CIGS solar cell model. 
 
on the ZnO surface, and ~90% of the light is absorbed 
within 1 μm of CdS/CIGS interface. The CIGS absorber 
layer has alternating p and n regions with equal width W. 
The n regions extend to a depth of 2.5 μm below the 
CdS/CIGS junction.  The n regions are modeled as β–
phase CIGS, and the p regions are modeled as α–phase 
CIGS. The material parameters are chosen so that the 
CIGS α-like phase has a bandgap of 1.15 eV, which is 
typical of high-efficiency devices.[3] The β-like phase is 
assigned a bandgap of 1.43 eV. The conduction- and 
valence-band offsets between the two phases are ~20 and 
260 meV, respectively, based on values reported in the 
literature.[4]  The optical constants for the α and β phases, 
CdS, and ZnO are adapted from Refs. [5,6,7] 
respectively. Experimental observations indicate that 
nanodomains formed by chemical fluctuations do not have 
abrupt interfaces or strong interfacial defect densities and 
therefore may be relatively free of interface 
recombination.[8] Consistent with these observations 
interfacial recombination is set to zero in the calculations 
for this study.  We examine two cases, high quality and 
low quality CIGS material.  For mobility and lifetime 
parameters, “high-quality” CIGS is modeled using a deep 
defect with a minority-carrier lifetime of 5 ns, and hole and 
electron mobilities of 12.5 and 100 cm2/Vs, respectively. 
On the other hand, “low-quality” CIGS is modeled with a 
minority-carrier lifetime of 500 ps, and hole and electron 
mobilities of 1.25 and 10 cm2/Vs, respectively. 
 
Several studies have indicated that CIGS has strong 
potential fluctuations and that the material is strongly 
compensated.[9]  It is possible that these fluctuations are 
caused by variations in p and n doping across 
nanodomains. Experimental estimates of the total electron 
and hole densities are ~1018/cm3, with a net free-carrier 
concentration of ~1016 holes /cm3.[10,11]  Accordingly, 
the electron concentration in the n regions is set at 6x1017 
cm3, and the hole concentration in the p regions is set to 
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either 6x1017 or 6.2x1017 cm3. Other material parameters 
for α– and β–phase CIGS, CdS, and ZnO are listed in 
Table I.  If CIGS absorber layers form a spontaneous 3-D 
p-n network, it is likely that some p and n regions will be 
surrounded by regions of the opposite type and not be 
directly connected to their respective contacts.  
Consequently, it is acknowledged that Fig. 1 is a simple 
and optimistic model of this concept. 
 
The computational modeling simultaneously solves the 
Poisson and electron and hole continuity equations, which 
incorporate drift and diffusion current terms and energy 
density boundary equations at the heterointerfaces. These 
interfaces are considered abrupt and defined by the 
material bandgaps and electron affinities using the 
Anderson model.[12] The drift-diffusion equations are 
derived from the Boltzmann transport equation based on 
certain physical assumptions.[12]  Some of these 
assumptions break down for small values of W when the 
bandgap and impurity concentrations fluctuate on a scale 
smaller than the carrier mean free path length and 
quantum confinement influences band structure. However, 
calculating the quantum physics of nanoscale fluctuations, 
simulating individual particle transport, and incorporating 
this into a rigorous solar device model is extraordinarily 
complex and in practice not necessarily any more 
accurate.  As a semiclassical approach, here the drift-
diffusion equations are extended to the nanoscale. 
 
Table I. This table lists the material parameters used in the 
simulations. The rows correspond to bandgap (Eg), 
electron affinity (χ), electron and hole mobility (μe, μh), 
electron or hole concentration (n,p), dielectric constant 
(ε/ε0), electron and hole effective masses (me/mo, mh/mo), 
midgap-state concentration and the corresponding 
electron and hole cross-sections (σe, σh), front and back 
contact recombination velocities (Se, Sh), and reflectivity.  
The entries with a slash (/) specify the values for high-
/low- quality material. 
Bulk Parameters α-CIGS β-CIGS 
Eg (eV) 1.15 1.43 
χ  (eV) 4.6 4.62 
μe (cm2/V-s) 100/10 100/10 
μh (cm2/V-s) 12.5/1.25 12.5/1.25 
n, p (cm-3) 6.0x1017 varied 
ε/ε0 13.6 13.6 
me /mo 0.09 0.09 
mh /mo 0.72 0.72 
Midgap state (cm-3) No: 1x1015 No: 1x1015 
σe (cm2) 2x10-14/-13 2x10-14/-13 
σh (cm2) 2x10-14/-13 2x10-14/-13 
Surface Parameters Front Back 
Se (cm/s) 107 107 
Sh (cm/s) 107 107 
Reflectivity 0.05 0 
RESULTS AND DISCUSSION 
Figure 2 illustrates the relative energy and band bending 
for the valence and conduction bands at a depth of 1.5 μm 
into the absorber for (a) W=250 nm, (b) W=50 nm, and (c) 
W=10 nm.   For the value of W = 250 nm, sufficient charge 
is available within each nanodomain for diffusion between 
p- and n-regions to produce significant band bending.  As 
W decreases, the band bending is still significant but the 
band offsets become more important. For very small W, 
there is insufficient charge to induce band bending and the 
bandgap and offsets dominate lateral band alignment.  
The overall position of the bands relative to the Fermi level 
depends on the net doping, that is p – n.  For very small 
W, the size of the conduction band oscillations are 
 
 
Figure 2.  Conduction and valence bands with no applied 
bias or illumination for a horizontal cut 1.5 μm into the 
CIGS layer when W equals (a) 250 nm (b) 50 nm and (c) 
10 nm. The Fermi level is at 0 eV (dashed green line).  
The conduction- and valence-band offsets between the 
two phases are ~20 and 260 meV, respectively. 
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determined by the α- to β-type conduction band offset of 
20 meV, so electrons are able to diffuse across both alpha 
and beta regions.   Conversely, holes are confined within 
the α-phase or p-type regions by the ~ 260 meV band 
offset in the valence band. 
 
An intuitive way to visualize the interdigitated 
nanodomain cell is as a series of vertically aligned p-n 
junction solar cells stacked next to each other.  For large 
values of W the band bending between n- and p-type 
regions contributes to large lateral electric fields that 
induce lateral charge separation.  For very small values of 
W, the lateral fields diminish in strength and the device 
acts more like a standard 1-D solar cell.  For intermediate 
values of W the properties transition between these two 
extremes.   Figure 3 illustrates the dependence of Jsc, Voc, 
and efficiency on nanodomain width W.  Fill factor is not 
plotted because it follows the same general trends as 
Voc.[13]   Each graph presents 4 cases; two different 
relative n- and p-doping levels, and high and low quality 
CIGS for each level of doping. The electron concentration 
in the n regions is set at 6x1017 cm-3, and the hole 
concentration in the p regions is set to either 6x1017 or 
6.2x1017.  In figure 3 these two cases are expressed in 
terms of the net carrier density p-n. 
 
      The photocurrent depends primarily on how many 
minority carriers are generated within a diffusion length of 
the depletion region of a collecting junction. Here, as is 
typical of thin-film solar cells, most carriers are generated 
within 1 μm of the incident surface. In a planar device, a 
junction runs parallel to the incident surface, and collects 
carriers efficiently down to a certain depth.  In an 
interdigitated junction this is no longer the case.  Carriers 
generated very close to the incident surface, but in the 
horizontal center of an n-type or p-type region, may not be 
collected. For example, in the low-quality case the 
diffusion length is ~ 100 nm. When W = 1 μm, many 
minority carriers generated in the central portion of the p 
and n regions will be more than 100 nm from a p-n 
junction.  Consequently, the short-circuit current density 
Jsc is inferior to a comparable planar device.  In the high-
quality case the diffusion length is ~1 μm. The same 
geometrical considerations are still present, but the impact 
on Jsc is less.  As W decreases from 1 μm to 50 nm, the 
average distance minority carriers must travel to reach a 
junction decreases and minority-carrier collection steadily 
improves.  In fact, inspection of Fig. 2b indicates that for W 
= 50 nm, carriers are almost always generated in a charge 
separating field.  Hence, Jsc is nearly equal for the low-
quality and high-quality materials. Interestingly, as W is 
reduced below 50 nm, the photocurrent decreases. The 
source of this behavior will be described later. 
 
The open-circuit voltage (Voc) depends on multiple 
factors including recombination, dark current, band 
bending, and short-circuit current.  As W decreases from 1 
μm to 50 nm, Voc trends in the opposite direction of Jsc. 
For large values of W, there is sufficient charge transfer to 
create very large built-in potentials between p and n 
regions.  This can be seen in Figure 2, where for W = 250 
 
Figure 3. Calculated values of Jsc, Voc, and efficiency as a 
function of doping density and nanodomain width W.  Solid 
lines are for doing levels of 6x1017 cm-3 in both the n- and 
p-type regions, while dashed lines are for 6x1017 cm-3 in 
the n- regions and 6.2x1017 cm-3 in the p-regions.  Blue 
lines and symbols are for high quality CIGS and red lines 
and symbols are for low quality CIGS. 
 
nm, the built-in potential exceeds 1 V.  As W decreases to 
50 nm, the band bending decreases to the order of 500 
mV.  At the same time, the width of the depletion regions 
increases because there is less charge transfer.  Dark 
current is proportional to the number of carriers that are 
thermally generated either in a depletion region or within a 
diffusion length of a collecting junction.  Hence, reducing 
W increases the dark current which contributes to a 
reduction in Voc.   
        The trends change as W decreases below 50nm 
because the interdigitated region begins to behave as a 
quasi one-dimensional layer rather than a 
multidimensional p-n network. As is illustrated in Fig.2c, 
when W is decreased below 50 nm, the band bending 
between the p and n regions is nearly eliminated.  For W = 
 3
10 nm, the conduction band offset between n- and p-
regions is just 20 meV, and electrons are unconfined. If 
the p and n regions are evenly doped at 6x1017 cm-3, the 
base Fermi level is commensurate with an intrinsic layer.  
On the other hand, if the interdigitated p and n regions 
have 6.2x1017 and 6.0x1017 carriers/cm3, respectively, the 
Fermi level is nearly equivalent to a uniform p-CIGS layer 
with 1x1016 holes/cm3, which is half the difference of the p 
and n doping levels.  
        Once W decreases below 50 nm, the lateral fields are 
relatively weak compared to the field at the CIGS/CdS 
metallurgical junction. So the CIGS/CdS junction 
dominates the J-V characteristics. In a one-dimensional 
device, a more heavily doped base layer decreases the 
depletion width, lowers Jsc, and increases the Voc.  Fig. 3 
shows that the same trends occur for the interdigitated 
device when W is less than 50 nm, however, the Fermi 
level or effective doping is determined by the average of 
the constituent p and n regions.  As the difference in the 
interdigitated p and n regions becomes more p type, the 
CIGS/CdS depletion width decreases, Voc increases, and 
Jsc decreases.   
Overall, the results indicate that interdigitated p and n 
regions increase efficiency relative to a comparable planar 
junction device for low-quality material when W equals 50 
or 100 nm.  Otherwise, the interdigitated device gives very 
respectable efficiency and J-V characteristics that are 
consistent with actual CIGS solar cells, but the 
performance is not significantly increased relative to a 
planar junction. Performance can be enhanced if the 
offsets between the p and n regions form a robust type-II 
network to effectively separate electrons and holes even 
when W is significantly less than 50 nm.[14]  But here the 
conduction band offsets between the alpha- and beta-
phase regions are too small to achieve this.   
 
CONCLUSIONS 
 
For the simple model of nanoscale interdigitated solar 
cells used in this study we find when W is too thick, the 
geometry is not ideal for effective current collection.  As W 
decreases, most carriers are collected without significant 
reduction in Voc, producing higher efficiency.  When W falls 
below a critical value, the material begins to act more like 
a 1D structure in the sense that the dominant collection 
field is set by the ZnO/CdS/CIGS junction rather than the 
lateral fields in the CIGS.  Hence, for W less than 50 nm, 
performance separates based on the value of p – n in the 
CIGS layer.  Voc is optimum when there is maximal band 
bending and minimal dark current, which occurs at large 
W.  As W decreases, so does the band bending, field 
strength, and Voc.  As W decreases below 50 nm, the fact 
that the dominant collection field is set by the 
ZnO/CdS/CIGS junction rather than the lateral fields 
becomes apparent. 
  The alpha- beta-phase matrix can potentially 
produce robust device performance in line with the J-V 
characteristics observed by experimentalists in the labs.  
However, it generally does not give substantial 
improvement over a simple 1D structure, or a more 
compelling argument for how 19% cells are made than 
traditional 1D models.   
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